Current clinical judgment in bladder cancer (BC) relies primarily on pathological stage and grade. We investigated whether a molecular classification of tumor cell differentiation, based on a developmental biology approach, can provide additional prognostic information. Exploiting large preexisting gene-expression databases, we developed a biologically supervised computational model to predict markers that correspond with BC differentiation. To provide mechanistic insight, we assessed relative tumorigenicity and differentiation potential via xenotransplantation. We then correlated the prognostic utility of the identified markers to outcomes within gene expression and formalin-fixed paraffin-embedded (FFPE) tissue datasets. Our data indicate that BC can be subclassified into three subtypes, on the basis of their differentiation states: basal, intermediate, and differentiated, where only the most primitive tumor cell subpopulation within each subtype is capable of generating xenograft tumors and recapitulating downstream populations. We found that keratin 14 (KRT14) marks the most primitive differentiation state that precedes KRT5 and KRT20 expression. Furthermore, KRT14 expression is consistently associated with worse prognosis in both univariate and multivariate analyses. We identify here three distinct BC subtypes on the basis of their differentiation states, each harboring a unique tumor-initiating population.
Current clinical judgment in bladder cancer (BC) relies primarily on pathological stage and grade. We investigated whether a molecular classification of tumor cell differentiation, based on a developmental biology approach, can provide additional prognostic information. Exploiting large preexisting gene-expression databases, we developed a biologically supervised computational model to predict markers that correspond with BC differentiation. To provide mechanistic insight, we assessed relative tumorigenicity and differentiation potential via xenotransplantation. We then correlated the prognostic utility of the identified markers to outcomes within gene expression and formalin-fixed paraffin-embedded (FFPE) tissue datasets. Our data indicate that BC can be subclassified into three subtypes, on the basis of their differentiation states: basal, intermediate, and differentiated, where only the most primitive tumor cell subpopulation within each subtype is capable of generating xenograft tumors and recapitulating downstream populations. We found that keratin 14 (KRT14) marks the most primitive differentiation state that precedes KRT5 and KRT20 expression. Furthermore, KRT14 expression is consistently associated with worse prognosis in both univariate and multivariate analyses. We identify here three distinct BC subtypes on the basis of their differentiation states, each harboring a unique tumor-initiating population.
Boolean analysis | stem and progenitor cells | biomarker | cancer stem cell | systems biology B ladder cancer (BC) is the sixth most common malignancy in the United States (1), accounting for ∼69,250 new cases and 14,990 deaths in 2010 (2) . The vast majority (90%) of BCs are histologically classified as urothelial carcinomas (UCs) (3) . UCs originate from the bladder urothelium, an epithelial tissue with a clear hierarchical organization consisting of three morphologically distinct cell types: basal, intermediate, and umbrella cells (4) , representing early, mid, and later differentiation states, respectively. Malignant transformation can occur in any of these cell types thus giving rise to tumors with diverse phenotypes (5) .
Currently, the World Health Organization (WHO) BC classification scheme relies primarily on pathologic stage and histological grade for prognostic classification. Identification of new molecular markers would allow for improved risk stratification so that we may better use risk-adapted therapies. Recent molecular profiling of unfractionated BCs has identified unique prognostic gene signatures (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . However, these gene signatures have not been clinically used and their biological relevance has remained to be elucidated. Here, we developed a biologically supervised computational approach to mine the extensive repertoire of publicly available gene expression array data to define molecular markers of cellular differentiation consistent across the range of mammalian cellular diversification (18) . This algorithm uses Boolean logic to evaluate large datasets to identify genes that sequentially change expression during differentiation (e.g., progenitor genes that decrease during differentiation with the concomitant up-regulation of differentiation genes). In the current study, we have successfully predicted and functionally validated molecular markers for multiple differentiation steps in BC and analyzed their association with patient survival.
Results
In the presented study we focus on UCs, hereafter synonymously called BC, and excluded other BC subtypes (squamous and adenocarcinomas) from gene-expression, phenotypical, functional, and patient survival analyses.
Overall Strategy to Predict, Functionally Validate, and Associate Differentiation States to Survival in BC. A biologically supervised approach was used to predict markers of differentiation states in BC (Fig.  1) . The expression patterns of our two previously published hierarchically related differentiation markers in BC, keratin (KRT) 5 and KRT20 (19) , were analyzed by the algorithm "mining developmentally regulated genes" (MiDReG), which revealed a third differentiation marker, KRT14. We therefore hypothesized the existence of three distinct differentiation states marked by KRT14, -5, and -20, which are shared by both normal urothelium and BC. We then used the algorithm "hierarchical exploration of gene-expression microarrays online" (Hegemon) to identify cell surface markers corresponding to each differentiation state. FACS separation with these surface marker combinations allowed for the isolation of the respective tumor-initiating cell (T-IC) populations from clinical samples and analysis of their respective tumorigenic and differentiation potential in xenotransplantation models. We then analyzed the prognostic utility of these differentiation markers using patient gene-expression arrays (492 patients) and formalin-fixed paraffin-embedded (FFPE) (275 patients) tissue sets.
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Keratin 14 Is Predicted to Precede Keratin 5 and -20 in Urothelial
Differentiation. KRTs are differentially expressed during epithelial tissue differentiation, a phenotype that is often conserved in neoplastic transformation (20, 21) . During normal urothelial differentiation, it is proposed that basal and intermediate cells express KRT5, but not KRT20. Conversely, terminal differentiation involves the loss of KRT5 and gain of KRT20 expression (22, 23) (Fig. 2A) . Immunofluorescence analysis confirmed our previous finding that coexpression of CD44 and KRT5 define basal/progenitor cells in BC, whereas terminally differentiated tumor cells express KRT20 but not CD44 and KRT5 (19) (Fig. S1A ).
We developed a biologically supervised computational approach, which mines the repertoire of publicly available microarray data to identify genes that are down-regulated during cellular differentiation (18) . Starting with the knowledge that KRT5 and KRT20 expression is limited to progenitor and downstream populations, respectively ( Fig. 2A) , we applied MiDReG to predict upstream keratins (KX) that satisfy two Boolean relationships (i) when KX expression is high, expression of progenitor KRT5 is high (Fig. 2B , red/blue), and (ii) when KX expression is high, expression of terminal differentiation marker KRT20 is low (Fig. 2B , red/green) (details described in SI Methods) (18, 24, 25) . Using AffyBC and Chungbuk datasets, we identified four keratins (KRT14, KRT16, KRT6A, and KRT6B; Fig. S1F , details in SI Methods) that fulfilled these criteria (Fig. 2 C and D) . Analysis of the Chungbuk dataset revealed two keratins significantly associated with outcome: KRT14 (hazard ratio (HR) 2.75, P < 0.05), and KRT6B (HR 3.48, P < 0.05) (Fig. S1F) . We further focused on KRT14, as this marker was more highly and consistently expressed within the AffyBC and Chungbuk datasets. Immunofluoresence analysis confirmed KRT14 expression (Fig. 2E, green cells) and its expression is temporally exclusive with that of the terminal differentiation marker K20 (green) in bladder cancer (BC). The mutual relationship of K5 and K20 in their temporal expression is consistent across diverse tissues (totaling 75,000 data points) in multiple species (human, mouse, and rat; Fig. S1 B-E).
(B) Schematic illustrating the principle behind the computational strategy MiDReG used to predict a keratin X (KX, red), which is precursor to K5 and K20 by fulfilling two Boolean relationships: (i) when KX expression is high (red), expression of the early progenitor marker K5 is also high (blue) and (ii) when KX expression is high (red), expression of the differentiation marker K20 is low (green). (C) K14 fulfills the first Boolean relationship, its expression is high (red) when the expression of early progenitor marker K5 is also high (blue). association with patient survival (via hazard ratios) (Dataset S1) and identified CD248, S100A8, COL1A1, and CD90 (THY1) as the top candidate markers (Fig. 3A and Fig. S3F and Dataset S1). We focused on CD90, because a flow-cytometry-compatible antibody was commercially available. As expected, our previously identified marker, CD44, was also demonstrated to exhibit a predominant basal (KRT14 + ) distribution (Fig. 3A and Fig. S3F and Dataset S1). We next used Hegemon to identify those surface markers that are expressed in all cells but down-regulated in the transition from basal to differentiated cells (Fig. 3B and Fig.  S3G and Dataset S1). From this group, we focused on CD49f (ITGA6), as this marker has been reported to be coexpressed with KRT14 and is down-regulated during differentiation in various normal epithelial tissues and cancer types (26, 27) .
Next, we used flow cytometry to examine whether a combination of these newly identified markers, CD90 and CD49f, and the previously identified marker CD44 could subdivide BC into distinct differentiation states. Analysis of primary tumors revealed four predicted BC populations: CD90 (Fig. 3D ). Gene expression of KRT14, -5, and -20 in each of these purified subpopulation was analyzed by q-PCR ( 
CD49f
+ differentiated population (Fig. 3C) . KRT20 expression was highest in the CD90
+ differentiated population (Fig. 3C ).
Functional Validation of Three BC Subtypes. To functionally validate these predicted BC differentiation states, we used our unique surface marker profiles to isolate populations corresponding to each differentiation state from patient BCs using FACS (Fig. 4A ). These isolated populations were then transplanted in vivo into immunodeficient SCID mice. As noted above, only the most upstream population harbored T-IC potential in all BCs tested. For example, in a representative BC that contained all four differentiation states (Fig. 4A) (Fig. 4A) .
Examination of a panel of patient BC specimens revealed significant heterogeneity among tumors, some missing one or more differentiation states (Fig. 4 C and E) . On the basis of our analyses, BCs could be generalized into at least three subtypes: the basal subtype, which contains all four predicted differentiation states (CD90 (Fig. 4A) (Fig. 4C) (Fig. 4 B, D, and F) . These results revealed three phenotypically distinct BC subtypes, each containing a distinct T-IC population that invariably represented the most primitive differentiation state from that tumor (Fig. 4G) , red) and strongly down-regulated during differentiation. (B) The threshold was set in a way that would discover surface markers that highly expressed all three differentiation states (red, blue, and green), and slightly down-regulated during differentiation. The detailed method of discovery and ranking of cell surface markers is presented in Fig. S3 and listed in Dataset S1. (C) Messenger RNA expression of K14, K5, and K20 in each of the differentiation states defined by corresponding surface markers was analyzed by real-time PCR. Corresponding surface marker combination that defines each differentiation state was listed in the x axis, representing basal, intermediate, and differentiated states, respectively. The relative gene-expression level was indicated in the y axis. (D) Schematic illustrating BC differentiation states as defined by keratin (K) and corresponding surface marker expression profiles.
subtypes, we analyzed their prognostic utility in two independent BC gene-expression datasets with a total of 492 patients [Lindgren n = 89 (9) and European n = 403 (6), Fig. 5 ]. Because the Chungbuk dataset is used as a training dataset to identify our markers, it was excluded from further validation analysis. These datasets represent all publicly available BC datasets. Survival data for two additional BC datasets were not available for analysis (10, 11 (Fig. S4 A and B) . This result was additionally validated in two independent FFPE patient tissue registries with a total of 275 patients (Stanford, n = 158; Baylor, n = 117) on the basis of immunohistochemical analysis of KRT14, KRT5, and KRT20 expression (Fig. S5) .
It is worth noting that a subset of patient samples in our analysis did not fit easily into one of our three BC subtypes (others, gray; Fig.  S4 ). This additional heterogeneity may represent a block in differentiation, which may occur at any stage of differentiation. We believe that such heterogeneity complements the proposed BC differentiation states and reveals additional heterogeneity within BC subtypes that should be investigated in future analyses (Fig. S4D ).
Basal/Primitive Cell Marker Keratin 14 Is Significantly Associated with
Poor Overall Survival in BC. Because of the significantly worse overall survival associated with the basal BC subtype, and the clinical applicability of a single immunohistochemistry (IHC) marker, we evaluated the clinical significance of KRT14 as a single basal differentiation marker.
Our analysis revealed that KRT14 gene expression was associated with significantly worse overall survival in two independent datasets (Lindgren, P = 0.005; European, P < 0.001) (Fig. 5 A and  B) . In the European dataset, the prognostic power of KRT14 was statistically significant in both univariate and multivariate analysis when accounting for stage, grade, age, and sex (multivariate P = 0.0077, respectively P = 0.021, including tumors treated with intravesical bacillus Calmette-Guérin/chemotherapy) (Fig. 5B) . This prognostic power remained significant when KRT14 gene expression was analyzed as a continuous variable in both uni-and multivariate analysis in the European dataset (Table S1 ; multivariate P = 0.013, respectively P = 0.02, including bacillus Calmette-Guérin/chemotherapy). Validation by measuring KRT14 protein expression within two independent FFPE BC tissue cohorts revealed a significant association between KRT14 and overall survival (Stanford P < 0.0001, multivariate P = 0.0038; Baylor P = 0.009, multivariate P = 0.032; Fig. 6 A and B) . It is important to note that different datasets use different grading systems. Whereas the gene expression datasets are based on the 3-grade (Lindgren) or 4-grade (European) system, the FFPE BC cohorts (Stanford and Baylor) are annotated with the more recently adopted 2-grade (low and high) system. Nevertheless, the prognostic power of KRT14 holds regardless of different grading systems. Of note, although the prognostic utility of KRT14 is not confounded by pathological grade, high grade tumors are significantly enriched for KRT14 expression and vice versa (IHC datasets, Pearson's χ 2 test: Stanford, P = 0.01; Baylor, P = 0.006). Finally, subgroup analysis of clinically important BC groups, including muscle invasive disease (≥pT2), low stage disease (pTa), and patients treated with radical cystectomy, could be consistently stratified by KRT14 expression in all datasets tested (Figs. S6 and S7 ).
Discussion
Identification and characterization of differentiation steps are critical to our understanding of both normal tissue development and malignant transformation. During normal urothelial differentiation, it is generally accepted that basal, intermediate, and umbrella cells represent sequential differentiation, from primitive to mature. It is likely that malignant transformation can occur in any of these cell types to form tumors with distinct T-IC populations (5). Our results indicate a multistep differentiation hierarchy in BCs that parallels normal urothelial differentiation. The resulting unique classification scheme broadly divides BC into three differentiation subtypes-basal, intermediate, and differentiated. We further demonstrated that each BC subtype possesses its own phenotypically distinct T-IC population within its most primitive compartment. Such a T-IC population exists at the top of a hierarchical relationship and is capable of reconstituting all downstream populations. These results add complexity to our originally proposed T-IC model (19) and suggest BC conforms to the cancer stem cell model (19, (28) (29) (30) (31) (32) (33) .
A subset of patient samples in our analysis does not fit into the three BC subtypes, which may reflect additional diversity. However, we did not find evidence of cellular plasticity as recently described by Chaffer et al. (34) . In our functional in vivo studies, BC cells give rise to downstream differentiation states but are incapable of reforming upstream populations. More stringent biological assays such as lineage tracing in mice can be explored in future to provide definitive evidence supporting our hierarchy model. Stratification of patients by BC subtypes, using keratin and cell surface markers, showed significant prognostic utility. Moreover, KRT14 expression is strongly associated with poor survival, independent of established clinical and pathological variables including stage, grade, age, and sex. For example, KRT14 identifies patients with worse outcome in both nonmuscle invasive (pTa) and muscle invasive (pT2 and ≥pT2) tumors. Within the muscle invasive cohort, identification of high-risk patients may allow for effective early utilization of aggressive therapies like neoadjuvant chemotherapy and provide another means to stratify patients in clinical trials. These considerations provide strong rationale for prospective studies evaluating KRT14 expression as a risk-stratifying marker.
The prognostic utility of KRT14 held when tumors were analyzed by both gene expression and IHC, the latter being a technique easily added to the repertoire of clinical laboratories. However, our IHC analysis identified relatively more KRT14 positive patients than gene-expression analysis. There are two possible explanations: differences in patient cohorts and assay sensitivity. The IHC data were obtained from patients treated at Stanford University and Baylor College of Medicine, which are tertiary referral centers that commonly treat advanced-stage BCs (59% with invasive disease), whereas gene-expression data were obtained from patients treated at multiple different European centers (ranging from primary to tertiary centers) and therefore had overall less advanced BCs (19% with invasive disease). Additionally, gene-expression analysis averages mRNA expression throughout an entire sample, whereas IHC provides resolution up to a single cell. Therefore, the same patient who may appear KRT14 negative in a gene-expression analysis may be identified through IHC as KRT14 positive. However, the fact that both geneexpression and IHC analyses indicated KRT14 as an independent prognostic marker speaks to the robustness of this early progenitor cell marker in BC prognosis. In addition to the differences between gene expression and IHC analysis, the nature of a retrospective study has its own limitations. For example, important clinical parameters such as lymph node status, detailed cytopathological features, and full treatment history are not always available. Additionally, the distribution of clinicopathological features in the study cohorts may not reflect the natural patient distribution. For example, carcinoma in situ cases are relatively underrepresented in all of the datasets used in this study. To overcome these limitations, the clinical utility of KRT14 needs to be validated in future prospective trials.
In summary, we have developed a unique computational strategy to identify prognostic markers linked to cellular differentiation. We subsequently validated a set of distinct differentiation markers in BC through in vivo assays and clinical outcomes analyses. It is likely that this method can be readily generalizable to other cancers. Our results hold immediate implications to understanding BC biology and further development of unique targeted therapies. Finally, our analysis revealed a clinically applicable marker, KRT14, which we believe is an ideal candidate for a large prospective trial to assess riskadapted therapies.
Methods
Data Collection, Processing, and Statistical Analysis. See SI Methods for further details.
Identification of Differentiation States Using MiDReG and Identification of Corresponding Surface Markers using Hegemon. See Figs. S1 and S3, Table S1 , and SI Methods for further details.
Immunofluorescence Staining and Immunohistochemistry. See SI Methods for further details.
Bladder Tumor Tissue Dissociation, Flow Cytometry Analysis and Cell Sorting, and Xenografting. Dissociation, FACS analysis, sorting, and xenografting were preformed as previously described (19) . See SI Methods for further details.
Patient Classification for Outcome Analysis According to Bladder Cancer Differentiation Status. See SI Methods for further details.
